The open photoacoustic cell was used to monitor the evolution rate of oxygen from tomato leaves. Estimates of the relative amount of released oxygen in vivo and in situ conditions as influenced by ambient temperature are being presented. Photorespiration phenomenon is shown to dominate above a critical temperature. The evolution of this critical point is analyzed as a function of the environmental temperature.
I. INTRODUCTION
The temperature dependence of the photosynthetic rate in different plant species and varying conditions is a subject found in many texts in plant physiology. 1 The C2 oxidative photosynthetic carbon cycle, also called photorespiration, is an important temperature dependent process in some kind of plant species. 2 It is clear that the photosynthesis ͑the usual reductive photosynthetic carbon cycle͒ and photorespiration phenomena are present in all C3 plant species. As a consequence of the internal interchange of oxygen and carbon dioxide (CO 2 -O 2 ) between the two processes, the discrimination of the CO 2 -O 2 uptake is a difficult task.
Among the techniques available to monitor the photosynthetic rate, the photoacoustic technique has emerged as a viable alternative mainly because it can directly monitor the O 2 evolution during the photosynthetic process. 3 Such an alternative could help to discriminate at least the CO 2 -O 2 evolution contributions of the photosynthetic process.
Oxygen evolution can be measured by either conventional photoacoustic cell or the open photoacoustic cell ͑OPC͒. In the case of the conventional cell, the measurement is not made in situ, the sample is separated from the leaf. The OPC technique will be used to obtain in situ measurements and look at the influence of the whole plant. In any case, there are still open questions about the real potential of the technique in measuring the parameters involved in the photosynthesis process. 4 In particular the photorespiration process is a phenomenon strongly linked to the temperature dependence of the photosynthetic rate.
In this article the influence of temperature on the photosynthetic oxygen rate is analyzed. It is shown that, at a relative low temperature, tomato ͑C3 species͒ leaves present a strong and variable photorespiration contribution. The dependence of the photorespiration process on leaf and environmental temperature is discussed.
II. EXPERIMENTAL MATERIALS AND SETUP
Tomato plants were grown in a sterilized 1:1 loam soilsand mixture under comparable environmental conditions. The plants were watered ͑distillated water͒ daily; they were fertilized weekly with a Long Ashton nutrient solution containing 22 ppm of phosphorous. At the age of 8 -9 weeks, the plants were transported to the laboratory for measurement. The samples for this investigation and the samples for the repeatability measurements were chosen randomly from the group of plants grown in a controlled way for this investigation.
In vivo OPC measurements of photosynthetic O 2 evolution were performed. At least two independent measurements were made for each case. 2 h before the OPC measurement, the plants were moved to a chamber inside the laboratory, in order to adapt to the local illumination conditions. Unlike in other experiments, where during the measurements the whole plant was kept in dark conditions 5 ͑except for the illumination above the OPC onto the 3 mm diameter leaf area under study͒, the measurements were conducted under light conditions for the whole plant ͑laboratory light conditions͒. The leaf area to be measured received the amount of light close to that of the sunshine irradiation.
The OPC experimental setup 5 comprises of basically a modulated excitation light ͑wavelength between 600 and 730 nm͒ and a strong nonmodulated white light to saturate the photosynthesis process, both sources with a 3 cm water filter to eliminate infrared radiation ͑wavelengths larger than 1.2 m approximately͒. Both, the modulated and the saturating The measurements were performed at an irradiance level of 55 W/m 2 ͑for the modulated red light͒ and 235 W/m 2 ͑for the nonmodulated white light͒. In the OPC detection unit an undetached leaf was mounted directly onto a cylindrical shaped electret microphone held in a rectangular solid aluminum plate. The leaf area under study is illuminated in such a way that its upper epidermis faces the incident light. The leaf is slightly pressed by another aluminum plate, also used as a fiber holder.
Temperature control of the leaf is performed using water flow inside the fiber holder ͑upper aluminum plate͒. A T type thermocouple, mounted in the lower aluminum plate ͑micro-phone holder͒ and near the microphone, was used to monitor the leaf temperature.
The OPC signal generated in the leaf by the modulated red light excitation is the result of two main contributions: the usual photothermal component and the so-called photobaric contribution ͑the periodic oxygen evolution produced during photosynthesis͒. It should be taken into account that these components are out of phase and that their sum should be regarded as a vectorial sum. 
III. RESULTS AND DISCUSSIONS
Typical OPC signal amplitude as a function of the temperature is shown in Fig. 1 . The strong decrease of the signal is caused by the saturation of the process due to the application of the strong white nonmodulated light. When the light is turned off, the OPC signal recovers reaching nearly the same level as before. The magnitude of the OPC signal in saturating conditions, or saturation level, remains nearly constant within the temperature range used. It can be inferred that the thermal contribution to the OPC signal is nearly constant and that the curve represents the change in the amount of the released oxygen as a consequence of temperature changes of the leaf.
With this in mind, in Figs. 2͑a͒-2͑c͒ we show three measurements conducted under environmental temperatures of ͑a͒ 17.0, ͑b͒ 22.0, and ͑c͒ 27.0°C, respectively. In all cases the plants were at that temperature by seasonal conditions. The photosynthetic oxygen evolution presents a maximum at 18.5, 25.0, and 31.0°C, respectively.
The temperature dependence of the microphone signal was investigated using aluminum foil, as the sample, instead of the leaf. No significant temperature dependence of the microphone response up to 40°C was found. These results confirm that signal changes with the temperature are exclusively due to the temperature dependence of the oxygen evolution.
A very rapid cooling produced a large deterioration of the signal quality ͑low signal to noise ratio͒, probably due to condensation. On the other hand, an induced transpiration was produced when the environmental temperature increases. The transpiration of the leaf was confirmed by the fast decrease of the local temperature when the environmental temperature increased. The OPC signal did not change when this induced transpiration was produced ͑Fig. 3͒. The absence of the effect as a result of transpiration may indicate that the relative vapor concentration inside the OPC is near the saturating level through all the measurements, consequently the signal does not change when the transpiration is induced by the increase of the environmental temperature.
IV. CONCLUSIONS
The results obtained are useful in determining the critical temperatures at which the maximum photoproduction of oxygen is observed and after which the oxygen contribution to the OPC signal starts to decrease. These optimal points for the OPC signal contribution change when the environmental temperature varies. The observed dependence of the OPC signal on the temperature could provide a clue to discriminate, if such a trend is just due to the photorespiration process or if it is being significantly affected by the closing of the stomata. Our results can also be useful to interpret the results of conventional techniques that mainly monitor CO 2 uptake, given that photoacoustics monitoring provides complementary data on oxygen evolution. The shortcomings of this technique are the time involved in each measurement and the measurements are still qualitative and also difficult to make field measurements. The possibilities of short time measurements and a more manageable setup are under investigation. FIG. 3 . The leaf temperature ͑a͒ and the OPC signal ͑b͒ in the case of fast environmental temperature changes of around ϩ10°C, at the time points indicated by vertical arrows.
